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In order to evaluate the macroscopic performance of friction stir welded automotive tailor welded
blank (TWB) sheets, the hardening behavior, anisotropic yielding properties and forming limit diagram
were characterized both for base (material) and weld zones. In order to describe the Bauschinger and
transient hardening behaviors as well as permanent softening during reverse loading, the modiﬁed
Chaboche type combined isotropic–kinematic hardening law was applied. As for anisotropic yielding,
the non-quadratic anisotropic yield function, Yld2000-2d, was utilized for base material zones, while
isotropy was assumed for weld zones for simplicity. As for weld zones, hardening properties were
obtained using the rule of mixture and selectively by direct measurement using sub-sized specimens.
Forming limit diagrams were measured for base materials but calculated for weld zones based on Hill’s
bifurcation and M–K theories. In this work, four automotive sheets were considered: aluminum alloy
6111-T4, 5083-H18, 5083-O and dual-phase steel DP590 sheets, each having one or two thicknesses.
Base sheets with the same and different thicknesses were friction-stir welded for tailor-welded blank
(TWB) samples.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
In an effort to reduce the raw material cost and the weight of
automobiles, demand for tailor-welded blanks (TWB) made of
light-weight and/or high-strength sheet metals has steadily
increased in the automotive industry recently. A tailor-welded
blank consists of two or more sheets that are welded together in
a single plane prior to forming. Sheets joined by welding may have
identical or different thicknesses, mechanical properties or surface
coatings. Many automotive companies form body panels in a single
stamping operation, utilizing tailor-welded blanks, to save materi-
als and reduce weight. However, there are several difﬁculties in
developing TWB particularly for aluminum alloy sheets because
of their less familiar weldability requirements associated with con-
ventional welding methods such as laser welding (Stasik andll rights reserved.
: +82 55 280 3498.
onohlee@kims.re.kr (W. Lee).Wagoner, 1996). Therefore, efforts are being put forth to apply
the friction stir welding (FSW) technology for the development of
TWB in recent years, which was initiated primarily for aluminum
alloys in 1991 by The Welding Institute (TWI), in Cambridge, U.K.
(Thomas et al., 1991). As a solid-state welding, FSW has various
advantages over conventional fusion welding techniques such as
its low capital investment, extremely low energy use and its capa-
bility to weld very thick plates with little or no porosity. In the
FSW, the work pieces are butted together and ﬁrmly clamped
and then joining is achieved by heat and material ﬂow generated
by the FSW tool, which rotates as it moves along the butt line
(London et al., 2003). The axis of the pin forms the work angle
ðaÞ and the travel angle ðhÞ with the normal direction of the blank
as schematically shown in Fig. 1. The tool shoulder helps to stir the
weld region while containing the stirred material for a smooth
surface ﬁnish.
Many studies have been performed on FSW based on experi-
ments and simulations (Jata et al., 2001; Jata et al., 2003). However,
Fig. 1. Schematic view of the friction stir welding process.
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fect of process parameters (tool geometry, tool materials, rotation
speed, moving speed, tool angle, base materials and their arrange-
ment in the advancing or retreating sides, base material thickness)
on the quality of welding (temperature distribution, material ﬂow
or deformation, microstructure (Uzun et al., 2005), mechanical
properties in the welded area, hardness, residual stress (Preston
et al., 2004), defects, texture, precipitate evolution (Kamp et al.,
2006)), while studies on the macroscopic behavior of friction stir
welded TWB automotive sheets are rare. Therefore, a systematic
study of the macro-performance of friction stir welded automotive
sheets became the main scope of this work. In particular, extensive
mechanical tests were performed and they were used to calibrate
constitutive laws in this paper, which describe the macroscopic
properties of friction stir welded sheets: hardening behaviors,
anisotropic yield surfaces and forming limits. Then, the constitu-
tive laws were utilized to numerically validate their performance
in conjunction with the formability of friction stir welded TWB
samples in the separate joint paper (Kim et al., 2010). Note that
friction stir welded samples were fabricated in Hitachi Ltd. and
their micro-structural studies were reported in separate papers
(Park et al., 2007; Gan et al., 2008; Chen et al., submitted for
publication).
As for the constitutive law, the combined isotropic–kinematic
hardening law based on the modiﬁed Chaboche model (Chung
et al., 2005) as well as the (full) isotropic hardening law were selec-
tively utilized along with the non-quadratic orthotropic aniso-
tropic yield function, Yld2000-2d (Barlat et al., 2003). The
constitutive law was implemented into both ABAQUS implicit/
explicit codes (Hibbitt et al., 2002) using user-subroutines for
numerical applications in the joint paper. Note that no new consti-
tutive laws were proposed in this work; however, modiﬁcation
needed to formulate permanent softening (often observed during
reverse loading) was newly discussed in this work. Also, the rele-
vance of the particular formulation of the combined isotropic–
kinematic hardening law was newly addressed, particularly in con-
junction with the generalized plastic work equivalence principle,
since this discussion was not complete when the combined law
was proposed by (Chung et al., 2005).
In this work, four automotive sheets, aluminum alloy 6111-T4,
5083-H18and5083-O sheets anddual-phase steel DP590, eachhav-
ing one or two different thicknesses, were considered. Base sheets
with the same and different thicknesses were friction-stir weldedfor tailor-welded blank samples. In order to characterize the
mechanicalproperties of basematerials, uni-axial tension, hydraulic
bulge and disk compression tests were performed for anisotropic
yield properties. Hardening behavior was measured using uni-axial
tests, while, for the Bauschinger, transient and permanent softening
behavior during reverse loading, uni-axial tension/compression
tests were performed. The hardening properties of weld zones were
calculatedusing the ruleofmixtureandalsodirectlymeasuredusing
sub-sized specimens selectively, while their anisotropywas ignored
for simplicity. Forming limit diagrams were measured using hemi-
spherical dome stretching tests for base sheets and those of weld
zones were calculated based on Hill’s bifurcation theory (Hill,
1952) and the M–K theory (Marciniak and Kuczynski, 1967).
2. Constitutive law
2.1. Combined isotropic–kinematic hardening law considering
permanent softening during reverse loading
In order to represent the Bauschinger and transient behavior
during reverse loading, the combined type isotropic–kinematic
hardening constitutive law based on the modiﬁed Chaboche model
(Chung et al., 2005; Chaboche, 1986) is given by
f ðr aÞ  rmiso ¼ 0 ð1Þ
where r is the Cauchy stress, a is the back-stress for the kinematic
hardening and the effective stress (related to the isotropic harden-
ing), riso, is the size of the yield surface as a function of the accumu-
lative effective strain, e  R de . Note that f is the mth-order
homogeneous function. The exponent m is mainly associated with
the crystal structure. As the m value increases, the rounded vertices
of the yield surface become sharper with the decrease of radii of
curvature.
In the Chaboche model, the back-stress increment is composed
of two terms, da ¼ da1  da2 to differentiate transient hardening
behavior during loading and reverse loading. Now, the evolution
of the back-stress for the modiﬁed Chaboche model becomes
da1 ¼ d
a1
riso
ðr aÞ ¼ da1
de
de
  ðr aÞ
riso
¼ ðh1deÞ ðr aÞriso ð2Þ
where da1 ¼ f ðda1Þ
1
m, obtained from the effective stress by replacing
r with da1. Also,
da2 ¼ da2de de
 
a ¼ ðh2deÞa: ð3Þ
Note that da2 ¼ da2riso a also can be considered for da2 as similarly
done for da1. However, because it gives a non-smooth transient
behavior during reverse loading as the sign of back-stress a
changes, a is not normalized in Eq. (3) (Chung et al., 2005). Also,
note that a1 
R
da1
  ¼ a1ðeÞ in Eq. (2) as an effective quantity,
while a2 ¼ a2ðeÞ in Eq. (3) as a regular scalar quantity. To complete
the constitutive law, hardening behavior describing back-stress
movements and the change of the yield surface size should be pro-
vided for da1; da2 and driso, respectively, which are obtained from
simple tension/compression tests as previously discussed by Lee
et al. (2005). With its proportional (plastic) deformation, the sim-
ple tension in the rolling direction (x-direction) of a sheet is consid-
ered as a reference stress state here.
For isotropic materials such as vonMises materials, the monoto-
nous proportional hardening behavior is the same for the full isotro-
pic hardening (without any kinematic hardening) and for the
isotropic–kinematic hardening: the generalized plastic work equiv-
alence principle (Chung et al., 2005). However, for anisotropicmate-
rials, this principle is valid only when kinematic hardening is
properly formulated and kinematic hardening deﬁned speciﬁcally
‘‘
‘
‘
‘
Fig. 2. Schematic loading/reverse loading curves with/without permanent
softening.
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plane stress condition for simplicitywithout losing generality), con-
sider monotonously proportional loading along rxx : ryy : rxy ¼ a1 :
a2 : a3 for ananisotropicmaterialwhose initial yield stress along that
proportional loading, rxx ¼ drref (rref : the initial reference effective
yield stress). Then, rðrxx;ryy;rxyÞ ¼ rðdrref ; da2a1 rref ;
da3
a1
rref Þ ¼ rref ,
providing a unique effective value. As for the back-stress evolution
of isotropic–kinematic hardening, Eqs. (2) and (3) give the following
three ﬁrst order differential equations:
da ¼
daxx
dayy
daxy
0
B@
1
CA ¼
dda1  da2axx
da2
a1
da1  da2ayy
da3
a1
da1  da2axy
0
BB@
1
CCA or
da1
de
 da2
de
a ¼ da
de
or h1  h2a ¼ d
a
de
 
ð4Þ
The second expression in Eq. (4) is commonly obtained from the
ﬁrst three equations in Eq. (4). The general solution of Eq. (4)
becomes
aðeÞ ¼ e
R e
e0
h2ðeÞde
Z e
e0
e
R e
e0
h2ðeÞde  h1ðeÞde
 
ð5Þ
with a vanishing initial condition at e0. The general solution of Eq.
(4) with e0 ¼ 0 is commonly shared by all monotonous proportional
deformation so that aðeÞ þ risoðeÞ ¼ rðeÞ; consequently, with Eqs.
(2) and (3), the monotonous proportional hardening behavior is
the same for the full isotropic hardening and for the isotropic–kine-
matic hardening, satisfying the generalized plastic work equiva-
lence principle (Chung et al., 2005). Note here that Eq. (4) is
obtained when Eq. (2) is properly normalized with the speciﬁc
anisotropic yield function, deﬁned for the material.
Also, note that da1  da2a ¼ da (from Eq. (4)). Here, da1 and da
(therefore, a also) are ﬁrst order homogeneous functions as effective
quantities so that each term has one effective quantity; therefore,
da1 in Eq. (2) should be an effective quantity whose value is depen-
dent on the reference state, while da2 in Eq. (3) should be a regular
scalarwhosevalue is independent on the reference state so that each
term has one effective quantity. Otherwise, Eqs. (2) and (3) do not
properly account for the reference state change in the back stress
solution when a different reference state is used for general aniso-
tropic materials, violating the generalized plastic work equivalence
principle. For illustration purposes, consider an anisotropicmaterial
whose simple tension ﬂow stress in y-direction is twice of that in x-
direction so thatay2ax. If the reference state of the effective quantity
is the simple tension in x-direction, h1  h2ax ¼ dax=de while 2h1
h2ay ¼ day=de so that ay ¼ 2ax. If the reference state of the effective
quantity becomes the simple tension in y-direction, the same differ-
ential equations and result are obtained, when Eqs. (2) and (3) are
properly deﬁned as shown. If da1 is used instead of da1 in Eq. (2)
and the reference state of the effective quantity is the simple tension
in y-direction, h1  h2ay ¼ day=de while h1=2 h2ax ¼ dax=de so
that ay ¼ 2ax but ax is not correct. If da2 is used instead of da2 in
Eq. (3) and the reference state of the effective quantity is the simple
tension in y-direction, 2h1  2h2ay ¼ day=dewhile h1  2h2ax ¼ dax
=de so that ay ¼ 2ax but ax is also incorrect.
Here, h1 and h2, which are experimentally measured, are typi-
cally positive and also converge to positive constants. Under such
conditions, the limit value of the back-stress commonly becomes,
lime!1aðeÞ ¼ lime!1
R e
e0
ea2ðee0Þ da1de de
ea2ðee0Þ
¼ lime!1 e
a2ðee0Þ  h1ðe e0Þ
h2ðe e0Þ  ea2ðee0Þ ¼
h1ð1Þ
h2ð1Þ ; ð6Þ
regardless of the speciﬁc value of e0. The measured h1 and h2 are in
general exponential functions so that h1 ¼ a3 þ b3 expðc3eÞ andh2 ¼ a4 þ b4 expðc4eÞ (with constants ai; bi; ciÞ are proper, then
lime!1aðeÞ ¼ a3=a4. Note that for monotonous (proportional) load-
ing, e0= 0, while e0 is a positive number for (proportional) reverse
loading case. Therefore, loading and reverse loading (and even
reloading after reverse loading) curves commonly converge to
risoð1Þ þ a3=a4, when Eqs. (2) and (3) are utilized, so that the cur-
rent combined isotropic–kinematic hardening law does not prop-
erly account for permanent softening, which is often observed
during reverse loading.
Fig. 2 shows schematic stress–strain curves commonly ob-
served during proportional loading–reverse loading tests. Here,
the hardening curve for monotonous loading ABC is compared with
that of the reverse loading BDEF/BDGH. For easy comparison,
curves DEF/DGH are re-plotted with curves D’E’F’/D’G’H’ by rotating
curves into the positive stress range. As schematically shown in
Fig. 2, the reversal loading curve experiences the Bauschinger
(early compressive yielding) and transient behavior and then
either saturates to the monotonic loading curve without perma-
nent offset (softening) as the curve DEF does or leaves permanent
offset (softening) as the curve DGH does. For the monotonous load-
ing ABC, the back-stress behavior is obtained from Eq. (5) with
e0 ¼ 0, while the back-stress behavior associated with the curve
DEF is obtained from Eq. (5) with a positive e0 (since the back-
stress vanishes at e0 when the transient behavior ends at e0Þ.
Therefore, the curve DEF without permanent softening is obtained
for the modiﬁed Chaboche model with Eqs. (2) and (3).
Since loading and reverse loading curves of the modiﬁed Chab-
oche isotropic–kinematic hardening model commonly converge to
risoð1Þ þ a3=a4, permanent softening can be formulated by modi-
fying risoð1Þ and a3=a4 to account for contribution in isotropic
hardening and contribution in kinematic hardening, respectively.
Note that the proper separation of these two contributions requires
tension–compression–tension tests with various compressive
pre-strains (there were efforts by Wilson and Bate (1986) and
Prangnell et al. (1996) to identify permanent softening using
X-ray diffraction and in-situ neutron diffraction on carbon steels,
respectively; however, these methods would be not effective to
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were performed in this work, only the contribution in kinematic
hardening was considered for permanent softening here by intro-
ducing a softening parameter, n, to the hardening parameter, h1,
for reverse loading; i.e.,
hs1 ¼ h1  fnðeÞgn when n < nm ð7Þ
where e is the accumulative effective strain measured during the
nth (current) reverse loading and 0:0 < nðeÞ 6 1:0, while
nðe ¼ 0:0Þ ¼ 1:0. Here, the constant nm is introduced for the case
that the permanent softening does not occur after any speciﬁc num-
ber of reverse loading nm. With n ¼ 1:0 in Eq. (7) for all reverse load-
ing, reverse loading curves without permanent softening are
recovered.
Permanent softening was attributed to the complex dislocation
microstructure evolution. As explained by Peeters et al. (2001), dur-
ing reverse loading, ﬁrst the dislocation annihilation (cancellation of
opposite signdislocation) takes place rapidly creating early re-yield-
ing and sharp hardening rate (transient behavior). Following this,
the dislocation cell structure, which is developed during previous
(moderate to high) deformation, is broken and the distribution of
dislocationbecomesmorehomogeneous causingpermanent soften-
ing. Permanent softening is usually observed when pre-strains are
large enough since the creation of dislocation cell might take place
only when there is moderate to high amount of deformation. It
should be noted that Rauch et al. (2007) attributed the reason for
such behavior to simply a complex evolution of dislocation density
rather than breakage and creation of dislocation cells.2.2. Yield stress function, Yld2000-2d
In order to describe the initial anisotropic yield stress surface,
the orthotropic yield stress function for the plane stress condition,
Yld2000–2d (Barlat et al., 2003), was considered here, which is de-
ﬁned by two linear transformations; i.e.,
f
1
m ¼ U
2
 1
m
¼ r with U
¼ jeS 0I  eS0IIjm þ j2eS 00II þ eS 00I jm þ j2eS00I þ eS00IIjm: ð8Þ
where r is the effective stress and the exponentm is a material con-
stant shown in Eq. (1). In Eq. (8), eS0k and eS00kðk ¼ I; IIÞ are the principal
values of the symmetric tensor ~sð~s0 or ~s00Þ, while ~s is deﬁned as, by
linear transformations of s,
~s0 ¼ C0  s ¼ C0  T  r ¼ L0  r
~s00 ¼ C00  s ¼ C00  T  r ¼ L00  r ð9Þ
Here, C0 and C00 (therefore, L0 and L00Þ contain eight independent
anisotropic coefﬁcients and T transforms the Cauchy stress tensor
r to its deviator s; i.e.,Table 1
Chemical composition in weight percentage.
Materials Composition
Al Fe Cu
AA6111a Balance <0.4 0.5-0.9
AA5083b Balance <0.4 0.1
Fe C Mn
DP590c Balance 0.04-0.15 1.5-2.5
a Referred by the reference (Davis, 1993).
b Referred by the reference (Charit and Mishra, 2004).
c Referred by the reference (Tumuluru, 2006).C0 ¼
c011 0 0
0 c022 0
0 0 c066
2
64
3
75; C00 ¼
c0011 c
00
12 0
c0021 c
00
22 0
0 0 c0066
2
64
3
75: ð10Þ
The eight mechanical measurements to accommodate the eight
anisotropic coefﬁcients are typically r0; r45; r90; R0; R45; R90; rb
and Rb, which are simple tension yield stresses along the rolling
(x-) direction, 45 off and transverse (y-) directions, R-values
(width-to-thickness strain ratio in simple tension), yield stress and
in-plane principal strain ratio under the balanced biaxial tension
condition, respectively. When all eight coefﬁcients are equal, the
yield functionbecomes isotropic,which further reduces to theMises
yield function withm = 2. As for the exponentm, a constant 6 or 8 is
recommended for BCC and FCC materials, respectively, based on
crystal plasticity (Hosford, 1972; LoganandHosford, 1980). The con-
vexity of the yield surface deﬁned by Eq. (8) has been well proven
(Barlat et al., 2003).
2.3. Forming limit diagram
Forming limit diagrams were measured experimentally for base
materials utilizing the hemispherical dome stretching test. How-
ever, those of the weld zones were calculated utilizing Hill’s bifur-
cation theory (Hill, 1952) and the M–K theory (Marciniak and
Kuczynski, 1967), based on isotropic hardening rigid-plasticity
with the isotropic yield function condition; i.e., applying 1.0 for
all eight coefﬁcients for Yld2000-2d. The forming limit criterion
based on Hill’s bifurcation theory was applied to the strain ﬁeld
whose minor strain is non-positive and the M–K theory was ap-
plied to the strain ﬁeld whose minor strain is positive. For the
M–K theory, the defect size was obtained such that the M–K theory
would provide the same value as Hill’s theory under the plane
strain condition (with the minor strain is zero).
3. Materials and welding
In order to evaluate the macro-performance of friction-stir
welded sheets, four automotive sheets were considered in this
work each having one or two different thicknesses: aluminum
alloy 6111-T4, 5083-H18, 5083-O and dual-phase steel DP590
sheets. All aluminum alloy sheets were supplied by ALCOA, while
the DP590 sheet was provided by US Steel, respectively. The chem-
ical compositions of the sheets are shown in Table 1.
Four automotive sheets were friction-stir welded along the roll-
ing direction at Hitachi, Japan. In this work, the same materials
with the same thickness (similar gauges, SG) and different thick-
ness (dissimilar gauges, DG) were welded together, not considering
the joining of dissimilar materials. Note that the thinner part of all
(DG) materials was in the retreating side. Thicknesses of the base
materials and the combination of thicknesses for the welded spec-
imens are listed in Table 2. All welding experiments were carried
out using a CNC-controlled 3D-FSW machine (model: HitachiMg Si Mn Cr
0.5-1.0 0.7-1.1 0.1-0.45 <0.1
4.0-4.9 <0.4 0.4-1.0 0.05-0.25
Cr Mo V Nb
<0.4 <0.4 <0.06 <0.04
Table 2
Thicknesses of base materials and the combination of thicknesses for welded
specimens.
Materials Base materials Welded specimens
Thin (mm) Thick (mm) SG (mm) DG (mm)
6111-T4 1.5 2.6 1.5–1.5 1.5–2.6
5083-H18 1.2 1.6 1.6–1.6 1.2–1.6
5083-O 1.6 1.6–1.6 –
DP-steel 1.5 2.0 2.0–2.0 1.5–2.0
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geometry of this process is shown schematically in Fig. 1. The
FSW tool was made of matrix high speed tool steel, with shoulder
diameter and pin diameter of 10.0 mm and 4.0 mm, respectively.
The pin was threaded to enable increased stirring action. The pin
length was slightly less than the average thickness of the welded
base sheets as summarized in Table 3 together with work angles
and travel angles. The work pieces were butted together and ﬁrmly
clamped as schematically shown in Fig. 1 and then the rotating tool
pin was slowly pushed into the seam axially until the tool shoulder
came into contact with the surface of the material, which gener-
ated heat to locally soften the material around the pin. The pene-
tration depth of the tool shoulder’s tip into the plates was about
0.2 mm, and the axial position of the pin tool was held constant
while it translated along the seam at a constant speed. FSW was
carried out for the range of process parameters summarized in Ta-
ble 3. The most favorable rotation speeds and translation rate are
identiﬁed in bold. In this article, ‘‘most favorable” means the best
of the tested weld conditions, in terms of smooth surface ﬁnish,
minimum internal defect and no crack formation in a hand-bend-
ing test. The selected welding condition may not be a true opti-Table 3
Tool pin length, work/travel angles and tested welding conditions.
Materials Pin length (mm) Work angle, aðÞ Tra
6111-T4 SG 1.24 0.00 3.0
DG 1.80 6.49 3.0
5083-H18 SG 1.34 0.00 3.0
DG 1.24 2.29 3.0
5083-O SG 1.34 0.00 3.0
DP590 SG 1.80 0.00 3.0
DG 1.24 3.82 3.0
Table 4
Elastic properties of sample materials.
Materials
6111-T4 Base 1.5t
2.6t
Weld SG
DG
5083-H18 Base 1.2t
1.6t
Weld SG
DG
5083-O Base 1.6t
Weld SG
DP590 Base 1.5t
2.0t
Weld SG
DG
a Referred by the reference (Abedrabbo et al., 2005).
b Assumed.
c Referred by the reference (Nakamachi et al., 2001).mum, but it is a practical choice balancing material properties,
speed of production and machine capability (Park et al., 2007;
Gan et al., 2008).4. Mechanical properties of base materials and weld zones
4.1. Elastic properties and hardening behaviors
The (assumed) isotropic elastic properties and hardening behav-
iors of the base sheets were obtained by uni-axial tensile testing fol-
lowing the standard procedure KS B 0801 with Instron 8516 series
machine at a strain rate of 5:0 1041=s. The gage sections for the
standard specimens measured 50.0 mm long  25.0 mm wide. The
resulting elastic properties and hardening data measured along the
rolling directions are summarized in Tables 4 and 5, respectively.
Note that bothHollomon(Ludwick)andVoce typehardeningﬁttings
ofweld zones in Table 5were used for FLD calculations. For the (full)
isotropic hardening description to be needed in FEM simulations for
formability, onlyone typeﬁtting curvewasutilized,whichwas iden-
tiﬁed inbold.Note that all hardening testswere repeated three times
and test results were duplicated within 2–3% error. Therefore, one
representative curve was reported in this paper without error bars.
Also, all material parameters were iteratively determined until the
value of R2 (coefﬁcient of determination) reaches over 0.98 in curve
ﬁtting.
The stress–strain curve of the weld zone was obtained using the
rule of mixture (Abdullah et al., 2001). For the purpose of veriﬁca-
tion, sub-sized tensile tests of the (SG) samples were also per-
formed for (SG) samples at a strain rate of 1:6 103 1=s with
the gage sections of 25.4 mm by 6.4 mm, machined out of the weld
zones along the rolling direction. Dimensions of the welded mate-vel angle, hðÞ Tool velocity (rpm) Feed rate (mm/min)
0 1000, 1500 100, 150, 200, 225, 300, 450
0 1000, 1500 150, 200, 225, 300, 450, 600
0 1000, 1500 100, 150, 200, 225, 300, 450
0 1000, 1500 100, 150, 200
0 1000, 1500 100, 200, 300, 450
0 1000 50, 80, 100
0 1000 80
Young’s modulus (GPa) Poisson’s ratio
Measured Referred
68.35 ± 0.79 71.0a 0.33a
69.27 ± 1.25
69.44 ± 4.50 – 0.33b
76.27 ± 3.21
69.85 ± 0.72 – 0.33b
70.00 ± 1.02
70.66 ± 3.93 – 0.33b
72.42 ± 7.35
71.88 ± 5.14 – 0.33b
69.32 ± 5.60 –
208.34 ± 9.43 210c 0.3c
205.96 ± 4.75
214.78 ± 7.68 – 0.3b
183.27 ± 6.85
Table 5
Isotropic hardening description.
Materials Hollomon a Voce b
K0(MPa) K(MPa) n A(MPa) B(MPa) C
6111-T4 Base 1.5t - - - 165.9 212.8 9.373
2.6t - - - 172.8 206.3 9.900
Weld SG - 406.37 0.180 167.59 144.30 12.58
DG - 318.05 0.127 151.25 103.03 21.21
5083-H18 Base 1.2t - - - 397.6 120.0 14.120
1.6t - - - 388.6 123.0 15.133
Weld SG and DG 60.0 570.00 0.330 172.57 251.43 10.8
5083-O Base 1.6t - - - 144.0 227.8 12.093
Weld SG - 638.15 0.272 178.76 227.49 13.29
DP590 Base 1.5t - 1072.1 0.171 - - -
2.0t - 1043.6 0.173 - - -
Weld SG - 1136.71 0.104 629.11 259.02 32.73
DG - 1064.33 0.115 513.89 292.40 40.80
a Hollomon type:
r ¼ Ken
r ¼ K0 þ Ken ðLudwick type : only for the weld zone of 5083-H18Þ:
b Voce type: r ¼ Aþ B 1 expðCeÞð Þ:
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specimen was prepared in order to secure the ﬁrm grip of the test
specimen. In the rule of mixture method, the stress–strain curve of
the weld zone was obtained from the overall stress–strain curve of
the welded material considering the force equilibrium and the iso-
strain condition between the base material and the weld zone. The
iso-strain condition assumes that the base material and the weld
zone experience the same amount of tensile elongation (therefore,
tensile strain) along the loading direction during test. The micro-
structure of the weld zone and therefore its mechanical property
would be inhomogeneous, but its average property was obtained
by the rule of mixture method.
In the rule of mixture, the stress of the weld zone becomes
rWZ ¼ F  ðrBMÞ1ðABMÞ1  ðrBMÞ2ðABMÞ2AWZ ð11Þ
where A denotes the area. Here, subscripts WZ and BM denote the
weld zone and the base material zone, respectively, and number 1
or 2 refers to two base material zones surrounding the weld zone.
As shown in Eq. (11), the accurate measurement of the weld zone
area AWZ is a pre-requisite to correctly measure the weld zone prop-
erty using the rule of mixture. However, measuring AWZ is intrinsi-
cally a complex procedure involving the measurement of the weld
zone geometry as well as microstructures and micro hardness pro-
ﬁles, which are only approximately homogeneous (Abdullah et al.,
2001). In this work, AWZ was determined by mainly considering only
the groove region (a tool mark dented on the work piece surface as
shown in Fig. 4) at the weld zone. Assuming that the surface shape
of the grooved region in the weld zone is a part of a circle, the radiusX
Y
( BML
( )BML
Fig. 3. Dimensions of the welded materialand AWZ were obtained considering three points on the groove,
which are summarized in Fig. 4.
Note that, if the transient region such as the heat affected zone
(HAZ) between the base material and the weld zone is not so small,
the method to determine the weld zone area based on the groove
geometry is not proper, resulting in inaccurate evaluation of the
average weld zone property, which happened for 5083-H18. In
fact, the stress–strain curve of the 5083-H18 weld zone obtained
from Eq. (11) showed too much lower strength compared to the
strength directly measured using the sub-sized specimen ma-
chined out of the weld zone. Note that micro-structural analysis
and mechanical property characterization based on the sub-size
specimen were also performed as documented separately (Gan
et al., 2008). For 5083-H18, the ﬁctitious heat affected zone
(HAZ), which was assumed to have the same material property
with the weld zone, was additionally introduced in Eq. (11); i.e.,
rWZ ¼ F  ½ðrBMÞ1ðA
0
BMÞ1 þ ðrBMÞ2ðA0BMÞ2
ð1þ bÞAWZ : ð12Þ
where the additional parameter b ¼ AHAZ=AWZ is deﬁned as the ratio
between the area of HAZ and that of the (grooved) weld zone. Note
that A0BM in Eq. (12) is the area of base material adjusted considering
the added area, AHAZ . For 5083-H18 (SG), the values of b ¼ 1:1 pro-
vided the calculated stress–strain curves similar to the measured
one using the sub-sized (SG) specimen. In addition, the value of b
for the 5083-H18 (DG) weld zone was determined as 1.0, assuming
that the hardening curve is virtually the same as that of the (SG)
sample. For 6111-T4, 5083-O and DP590 sheets, no additionalWZL
)1
2
specimen for the tensile test (in mm).
Fig. 4. Dimensions of the cross-section for (a) 6111-T4 (SG) (b) 6111-T4 (DG) (c) 5083-H18 (SG) (d) 5083-H18 (DG) (e) 5083-O (SG) (f) DP590 (SG) and (g) DP-steel (DG)
longitudinal specimens.
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ðb ¼ 0:0Þ was also found for 6111-T4 by Gan et al. (2008), in which
a Z-test with 95% conﬁdence was carried out on ﬁtting of hardening
curves for full-sized and sub-sized 6111-T4 tensile specimens. The
result suggested that full-sized tests by the law of mixture exhib-
ited statistically equivalent ﬁtting results to sub-sized tests. Finally,
the resulting elastic properties and the hardening data of weld
zones obtained from Eqs. (11) and (12) are summarized in Tables
4 and 5, respectively.
The resulting uni-axial weld zone hardening curves were com-
pared with those of the base sheets in Fig. 5. The ﬁgure shows thatthe weld zone properties of the four automotive sheets show a
variety of combination of larger/smaller stress and improved/dete-
riorated ductility (note that the maximum measured strains in
Fig. 5 are more or less limit uniform strains in simple tension in
principle if fracture accompanies strain localization and they are
failure strains only for materials with brittle fracture (without
involving strain localization), which might be the case of the
5083-H18 base and the DP590 weld zone).
Fig. 6 shows the microstructures of base materials and weld
zones, which were reported in separate papers (Park et al., 2007;
Gan et al., 2008). As for 6111-T4, the equi-axed and dislocation free
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Fig. 5. Comparison of the hardening curves of the base materials and the weld zones: (a) 6111-T4 (b) 5083-H18 (c) 5083-O and (d) DP590.
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while the weld zone showed higher dislocation density and ﬁner
grainsize (Fig. 6(b)). Therefore, theweldzoneof the6111-T4showed
slightly lower hardness (Fig. 6(c)) and strength (Fig. 5(a)),whichwas
attributed by the combined effects of precipitate dissolution and
coarsening of this heat-treatable alloy sheet (Sato et al., 1999). For
5083-H18, highly elongated grains (Fig. 6(d)) by the cold-worked
rolling treatment became equi-axed (Fig. 6(e)) after the friction stir
welding process due to the thermal annealing effect. For this reason,
the weld zone improved in ductility (Fig. 5(b)) with lower hardness
(Fig. 6(f)),whichmight beunderstoodwith the fact that thedynamic
re-crystallization reduced the dislocation density in the weld zone.
Theweld zone of 5083-Ohad slightly lager stress than its basemate-
rial (Fig. 5(c)),whichmighthavebeenassociatedwithﬁnergrainsize
of the weld zone of this non-heat-treatable alloy. For the DP steels,
themartensite formationwas observed in the friction stir weld zone
(Fig. 6(h))with rapid cooling in theweldingprocess and led tohigher
hardness (Fig. 6(i)) and strength increase with reduced ductility
(Fig. 5(d)) (Further details on themicro-structural study are referred
to Park et al., 2007), Gan et al. (2008) and Chen et al. (submitted for
publication).
In order to measure and observe the Bauschinger and transient
behavior during reverse loading, uni-axial tension/compression
tests (compression tests after tensile pre-straining) were per-
formed. The loading direction was aligned with the weld line for
welded samples and with the rolling direction for base materialsamples. Detail procedures on the test set up to prevent buckling
have been described elsewhere (Lee et al., 2005).
Stress–strain responses of tension/compression tests measured
along the rolling direction for base materials are plotted in Fig. 7.
For all base sheets except DP590 sheets, the loading and reverse
loading behaviors do not show any permanent softening or
strengthening as shown in Fig. 7. For 5083-H18 and 5083-O sheets,
serrated hardening curves were observed mainly during the pre-
straining but serration is signiﬁcantly reduced for reverse loading.
Note that the yield point elongation was observed at the initial
stage for 5083-O, which is the material characteristic of the an-
nealed aluminum alloy sheet (Wen and Morris, 2004). In this work,
the yield point elongation behavior was neglected for simplicity.
After the hardening parameters of the combined type isotropic–
kinematic hardening law were determined for base materials (fol-
lowing the procedure to be further explained in this section), the
stress–strain curves of the tension/compression test of the weld
zone were obtained by applying the rule of mixture method. Re-
sults plotted in Fig. 8 show no obvious permanent softening or
strengthen including the DP590 welds except for the 5083-H18
(SG) weld zone. Note that there was no softening or strengthening
for all (DG) weld zones. The 5083-H18 and 5083-O weld zones also
showed serrated hardening curves mainly during pre-straining be-
fore reverse loading.
Reverse loading curves commonly showed early re-yielding
(the Baushinger behavior) and the rapid change of work hardening
Fig. 6. Optical microstructure images and hardness proﬁles.
Fig. 7. Calculated and measured hardening behaviors of base materials in tension–compression tests: (a) 6111-T4 (1.5t) (b) 6111-T4 (2.6t) (c) 5083-H18 (1.2t) (d) 5083-H18
(1.6t) (e) 5083-O (1.6t) (f) DP590 (1.5t) and (g) DP590 (2.0t).
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abrupt changes in strain path, two types of transitional behaviors
are observed: one with the lowered ﬂow stress accompanied by ra-
pid work hardening and the other with the increased ﬂow stress
accompanied by lowered or negative work hardening (Chung and
Wagoner, 1986). All test materials here, including base and weld
zone materials, commonly showed the former transient behavior.In order to obtain the material parameters of work-hardening
behaviors for the combination type isotropic–kinematic hardening
constitutive law, isotropic and kinematic hardening behaviors
were separated. As for the isotropic hardening, the Voce type work
hardening law showed better curve ﬁtting for aluminum base
materials and aluminum/DP590 weld zones while, for DP590 base
materials, uni-axial tensile test data sustained hardening without
Fig. 8. Calculated and measured hardening behaviors of weld zones in tension–compression tests: (a) 6111-T4 (SG) (b) 6111-T4 (DG) (c) 5083-H18 (SG) (d) 5083-H18 (DG)
(e) 5083-O (SG) (f) DP590 (SG) and (g) DP590 (DG).
K. Chung et al. / International Journal of Solids and Structures 47 (2010) 1048–1062 1057saturation at large strain so that the Swift type work hardening
curve was utilized. As for kinematic hardening curves, Voce type
hardening curves were utilized for all materials. Therefore,
riso ¼ a1 þ b1ð1 ec1eÞ for aluminum alloys and all weld zones ð13Þ
and
riso ¼ Kðe0 þ eÞn  b2ð1 ec2eÞ for DP590 base materials: ð14Þ
The kinematic parameters, h1 and h2, were obtained as
h1 ¼ a3 þ b3ec3e; h2 ¼ a4 þ b4ec4e: ð15Þ
By integrating h1 and h2; a1ðeÞ and a2ðeÞ were obtained as
a1ðeÞ ¼ a3eþ b3c3 ð1 e
c3eÞ; a2ðeÞ ¼ a4eþ b4c4 ð1 e
c4eÞ: ð16Þ
The constants (ai; bi; ci with i ¼ 1 	 4) obtained from the ten-
sion–compression test data of all test materials are summarized
in Tables 6 and 7.
Note that the hardening behavior of the DP590 base material is
different from other aluminum alloy sheets, which might be due to
its two phase composite characteristics consisting of ferrite and
martensite. The higher strength of DP steel is attributed to the hard
martensite phase, which is surrounded by a soft ferrite matrix. Due
to the relatively small amountofmartensite (about12%), formability
is maintained or improved. Kim (1988) investigated the tensileTable 6
Isotropic–kinematic hardening parameters of base materials.
Materials 6111-T4 5083-H18
Gauge (mm) 1.5t 2.6t 1.2t
risoðMpaÞ K - - -
eo - - -
n - - -
a1 133.5016 142.9080 309.1819
b1 or b2 366.3732 261.6529 20.4450
c1 or c2 1.9827 2.8678 32.7933
a1 ðMpaÞ a3 19796.9812 20960.9157 21803.3774
b3 7708.0156 10482.4072 29456.4057
c3 743.5683 1370.9549 1650.5147
a2 ðMpaÞ a4 267.3641 254.7457 153.9336
b4 538.5821 246.6390 48.0455
c4 112.2205 50.3638 32.5513deformation behavior of DP steel, conﬁrming that both strength
and ductility are strongly inﬂuenced by the large work hardening
coefﬁcient of the martensite phase. Since twelve slip systems of
the aluminum alloy are relatively less than those of DP steel, the
hardening behavior might be more easily saturated so that a single
Voce type equation might be good curve ﬁtting. As shown in Fig. 9,
hardening rate ðH ¼ dr=deÞ curves for aluminumalloys and allweld
zones showedmoreor less linear decreasingbehaviors,whichmight
justify the use of Voce type curve ﬁtting for thesematerials. DP steel
exhibitednon-linear hardening rate behaviors in Fig. 9(d) so that the
representative hardening behavior was difﬁcult to ﬁt with a single
Voce type equation. For DP steel, the soft ferrite deforms plastically
and thehardmartensite particles remain elastic at the initial loading
stage and then both deform plastically later but still in a different
mode. For this reason, using two independent hardening curves for
each of two phaseswith prescribed volume fractionmight be a good
way to analyze the property of DP steel. In this work, however, the
macroscopically homogenized hardening property was considered
for simplicity and the combined type Eq. (14) was used for curve ﬁt-
ting of DP steel.
Using material parameters obtained from the test data, the ten-
sion–compression test data were numerically re-calculated using
the modiﬁed Chaboche model for comparison with the measured
data as shown in Figs. 7 and 8 (black dashed curves). Figures con-
ﬁrm that the modiﬁed Chaboche model well represents the hard-5083-O DP590
1.6t 1.6t 1.5t 2.0t
- - 1058.4738 1018.2621
- - 0.001122 0.001263
- - 0.1761 0.1869
292.5381 137.6569 - -
77.5526 285.8694 210.3141 283.3892
10.0239 7.1555 99.1727 52.4599
22749.0004 12206.5474 31413.4012 42821.4066
39193.2518 74733.8808 12096.8014 5491.3788
2539.8561 1557.1366 357.0351 1943.4845
184.5995 260.2689 92.4890 118.1965
41.7914 179.6969 154.0390 130.5638
115.8222 58.6433 26.0308 19.0501
Table 7
Isotropic–kinematic hardening parameters of weld zones.
Materials 6111-T4 5083-H18 5083-O DP590
Weld type SG DG SG DG SG SG DG
riso ðMpaÞ a1 125.1522 131.0039 139.9603 116.8525 189.1996 440.7960 395.1488
b1 254.2022 74.5638 168.0083 415.7559 253.5113 190.0615 189.4254
c1 5.5631 32.0945 8.0311 6.5282 9.9941 24.3782 27.2725
a1 ðMpaÞ a3 3848.8367 7331.6471 15836.5987 18270.3271 14097.0451 50622.3723 44969.7300
b3 26888.1719 18731.8242 7218.3151 52552.9602 15308.5867 34249.9552 53264.9200
c3 277.9296 584.4884 2003.2737 158.7548 1257.3263 374.7387 824.6687
a2 ðMpaÞ a4 84.5643 185.1051 44.2700 305.2959 203.8370 188.1217 176.3333
b4 217.2410 117.9625 266.5411 614.7955 320.4436 352.3196 437.1057
c4 94.2747 263.9720 14.0324 97.5392 89.0880 171.7565 297.7612
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Fig. 9. Hardening-rate curves of base materials and weld zones: (a) 6111-T4 (b) 5083-H18 (c) 5083-O and (d) DP590.
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cept for DP590 base materials and the 5083-H18 (SG) weld zone.
The discrepancy observed between the calculated and measured
data for the DP590 base materials and the 5083-H18 (SG) weld
zone is due to the permanent softening in the measured data,
which was not properly accounted for in calculation by assigning
the softening parameter as n ¼ 1:0.
To account for the permanent softening, the softening parame-
ter discussed in Eq. (7) was considered for the DP590 base materi-
als and the 5083-H18 (SG) weld zone as
n ¼ a5 þ b5 expðc5eÞ: ð17Þwhere a5; b5; c5 are the values dependent on the total accumula-
tive effective strain during previous reverse loading, epre. The values
of a5; b5; c5 were parameterized asa5 ¼ a15 þ a25 expða35epreÞ; b5 ¼ b15 1 expðb25epreÞ
 	
;
c5 ¼ c15 1 expðc25epreÞ
 	
ð18Þ
Constants (ai5 with i ¼ 1 	 3 and bi5; ci5 with i ¼ 1 	 2) are sum-
marized in Table 8. Hardening behaviors re-calculated with soften-
ing parameters are compared in Figs. 7 and 8 (gray dashed curves),
Table 8
Softening parameters of the DP590 base materials and 5083-H18 (SG) weld zones.
Parameters DP590 5083-H18
Gauge (mm) 1.5t 2.0t SG
a5 a15 0.1464 0.6590 0.7232
a25 0.8580 0.3434 0.2768
a35 13.5967 21.5610 128.1627
b5 b15 0.8919 0.3512 0.2768
b25 12.6903 20.3238 128.1690
c5 c15 631.3292 583.1374 245.9409
c25 36.5444 26.2665 35.2628
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ing parameter is a good representation of the permanent softening
as well as the Bauschinger and transient behaviors.4.2. Anisotropic plastic behavior
The base sheet samples of 6111-T4, 5083-H18, 5083-O and
DP590 were characterized using uni-axial and balanced biaxial
tension tests, as well as the disk compression test (Barlat et al.,
2003). Uni-axial tension tests were conducted along the rolling
(x-) direction, 45 off and transverse (y-) directions for each mate-
rial with the standard procedure ASTM E-8 for all base sheet sam-
ples. Mechanical properties under the balanced biaxial stress
condition (rb values) were assessed using the hydraulic bulge test
with a constant true strain rate of 0.005/s. However, data was suc-
cessfully obtained only for 6111-T4 (1.5 t) due to lack of the ma-
chine capacity. For other materials, the balanced biaxial yield
stresses were obtained by the texture analysis based on the Taylor
model (Taylor, 1938), while assumed values have been used for the
DP590 (1.5 t) and 5083-O base materials. The ratios of two in-plane
principal strains under the balanced biaxial stress condition
(Rb values) were measured using disk compression tests. In these
tests, specimens with 12.7 mm diameter were heavily lubricated
in order to maintain constant friction characteristics, and incre-
mentally loaded in compression on the ﬂat top. After each load
increment, specimens were unloaded and dimensional changes in
rolling and transverse direction diameters were measured in order
to calculate strains for all samples except for the DP590 (1.5 t) and
5083-O sheets, for which the data was not available. For the DP590
(1.5 t) and 5083-O sheets, Rbvalues were obtained under the condi-
tion L0012 ¼ L0021 in Eq. (9) as suggested by Barlat et al. (2003). The
resulting material data were summarized in Table 9 (see Barlat
et al. (2003) for the detailed procedure to calculate these material
constants based on the plastic work equivalence principle). These
results were subsequently used to calculate the eight coefﬁcientsTable 9
Yield stresses normalized by uni-axial yield stress in the rolling direction and R-values.
Materials 6111-T4 5083-H18
Gauge (mm) 1.5t 2.6t 1.2t
r0=r0 1.000 1.000 1.000
r45=r0 0.993 0.979 0.986
r90=r0 0.970 0.982 1.022
rb=r0 1.011 0.973a 1.023a
R0 0.803 0.743 0.436
R45 0.549 0.561 1.060
R90 0.530 0.636 1.428
Rb 1.360 1.053 0.719
a Texture analysis.
b Assumed.
c Determined under the condition L0012 ¼ L0021.of the yield function, Yld2000-2d. Considering their crystal struc-
tures, the following exponents were used in this work: for 6111-
T4, 5083-H18 and 5083-O, m ¼ 8 as FCC and for DP590, m = 6 as
BCC. The resulting anisotropic coefﬁcients are summarized in Table
10 and the calculated anisotropy by Yld2000-2d was compared
with the experimental data for the normalized stresses and R-val-
ues as shown in Fig. 10.
Note that, even though strong anisotropy may develop in the
weld zone (Charit and Mishra, 2008), isotropic properties were as-
sumed for the yield functions of the weld zones for simplicity by
applying 1.0 for all anisotropic coefﬁcients of Yld2000-2d. Yield
function exponents of the weld zones m were chosen to be the
same as those of their base materials, assuming that crystal struc-
tures would be preserved during friction-stir welding.4.3. Forming limit diagram
The hemispherical dome stretching test was carried out on a
50-ton double action hydraulic type press to obtain forming limit
diagrams (FLD) of base materials. The punch speed was 1.5 mm/s
and blank holding force was applied just enough to completely
clamp the blank, which was about 200 kN. Note that the lubricant
WD-40 was used on the punch only. Rectangular sheets with sev-
eral different widths of every 25 mm increment from 25 mm to
200 mm (200 mm) were prepared, while the rolling direction
was aligned with the side with the length 200 mm. Square grids
(2.5 mm  2.5 mm) were marked in each sample sheet for the test.
Forming limit diagrams of 6111-T4, 5083-O and DP590 base sheets
were obtained as shown in Fig. 11.
Since the 5083-H18 samples were so brittle that its FLD was ob-
tained only near the plane stain condition (with the minor strain is
zero). In order to complete the FLD data of 5083-H18, therefore,
forming limit strains were calculated using Hill’s bifurcation (for
the negative minor strain range) and M–K theories (for the positive
minor strain range). As for the weld zones, it was difﬁcult to mea-
sure FLDs, because the area of the weld zone was small. Therefore,
the FLDs of weld zones were all calculated based on the Hill and
M–K theories using both the Hollomon and Voce type hardening
laws.
The measured and calculated results were shown in Fig. 11.
Even though both Hollomon and Voce type hardening curves for
weld zones showed successful ﬁttings with the simple tension
hardening curves, the calculated FLDs based on these two harden-
ing laws are quite different in Fig. 11 since the FLD calculation in-
volves large strains beyond the measured (uniform) strain range in
simple tension. Note that bold legends represent the standard FLDs
to be used in predicting failure onset locations and patterns in the
joint paper on formability (Kim et al., 2010). The standard FLD’s
were selected considering the following consistency consideration.5083-O DP590
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Fig. 10. Anisotropy of normalized yield stress and R-values in uni-axial tension tests: (a) 6111-T4, (b) 5083-H18, (c) 5083-O and (d) DP590.
Table 10
Anisotropic coefﬁcients of Yld2000-2d.
Materials 6111-T4 5083-H18 5083-O DP590
Gauge (mm) 1.5t 2.6t 1.2t 1.6t 1.6t 1.5t 2.0t
m 8.0 8.0 8.0 8.0 8.0 6.0 6.0
c011 0.9987 0.9812 0.7872 0.8354 0.9201 0.9980 0.9690
c022 0.9464 0.9843 1.1325 1.0841 0.9823 0.9968 1.0369
c066 0.9510 0.9738 1.0126 1.0454 0.9784 0.9679 1.0109
c0011 1.0188 1.0270 1.0191 1.0353 1.0421 1.0023 0.9840
c0012 0.0704 0.0032 0.0287 0.0242 0.0523 0.0252 0.0088
c0021 0.0460 0.0093 0.0005 0.0322 0.0451 0.0153 0.0308
c0022 1.0745 1.0354 0.9632 0.9705 1.0560 1.0222 0.9909
c0066 1.1058 1.0863 1.0522 1.0199 1.1162 1.0030 0.9908
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ple tension shown in Fig. 5 is considered, the weld zones of 6111-
T4 and DP590 had less ductility than the base materials. Therefore,
the Voce type FLD was chosen as the standard for 6111-T4 since it
showed less failure limit at the simple tension mode as shown in
Fig. 11(a). For DP590 weld, the Hollomon type FLD was determined
as the standard because the Voce type FLD gave too much less ten-
sile failure strain. Also, the ductility of the weld zone improved for
5083-H18 and 5083-O. Therefore, the Hollomon type FLD was se-
lected as the standard for 5083-O while the Voce type FLD was
chosen for 5083-H18 to avoid the overestimated prediction by
the Hollomon type FLD.
5. Summary
In order to evaluate the macroscopic performance of friction stir
welded automotive TWB sheets, mechanical tests were extensively
performed and they were used to calibrate constitutive laws,
which describe the macroscopic properties of friction stir welded
sheets: hardening behaviors, anisotropic yield surfaces and form-
ing limits. As for the constitutive law, the combined isotropic–
kinematic hardening law based on the modiﬁed Chaboche model
as well as the (full) isotropic hardening law were selectively uti-lized along with the non-quadratic orthotropic anisotropic yield
function, Yld2000-2d. Even though no new constitutive laws were
proposed, modiﬁcation needed to formulate permanent softening
was newly introduced. Also, the relevance of the particular formu-
lation of the combined isotropic–kinematic hardening law was
rigorously discussed, particularly in conjunction with the general-
ized plastic work equivalence principle.
Four automotive (base) sheets and their friction stir welded
samples were characterized: aluminum alloy 6111-T4, 5083-H18,
5083-O and dual-phase steel DP590 sheets, each having one or
two thicknesses. Base sheets with the same and different thick-
nesses were friction-stir welded for TWB samples. Hardening
behavior was measured using uni-axial tension tests, while uni-ax-
ial tension/compression tests were performed for the Bauschinger
and transient behaviors as well as for softening during reverse
loading. Also, uni-axial tension, hydraulic bulge and disk compres-
sion tests were performed for anisotropic yield properties. As for
weld zone properties, hardening properties were obtained using
the rule of mixture or by direct measurement using sub-sized spec-
imens machined out of the weld zone, while anisotropy was
ignored for simplicity. Forming limit diagrams were measured
using hemispherical dome stretching tests for base sheets and
those of weld zones were calculated based on Hill’s bifurcation the-
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Fig. 11. Forming limit diagrams: (a) 6111-T4 (b) 5083-H18 (c) 5083-O and (d) DP590.
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1967). The test results showed the followings:
1. All the hardening properties of the weld zones determined
using sub-sized specimens and by the law of mixture based
on full-sized specimens showed no discrepancy except for
5083-H18. For the weld zone of 5083-H18, a correction param-
eter b was introduced into the law of mixture by considering
the result obtained from the sub-sized sample test.
2. The simple tension tests showed that, compared to the base, the
6111-T4 weld had lower ﬂow stress with reduced ductility,
while the 5083-H18 weld had improved ductility with signiﬁ-
cantly lower ﬂow stress. The 5083-O weld had slightly higher
strength and ductility, while the DP590 weld had larger ﬂow
stress with reduced ductility. Such strength changes owing to
the friction stir welding were also ensured by investigating
the microstructures and hardness proﬁles.
3. In isotropic–kinematic hardening ﬁtting, Voce type curves were
utilized for aluminum alloys and all weld zones by observing
linear decreasing behaviors in hardening rate. Unlike others,
the DP steel showed non-linear hardening rate behaviors so
that the representative hardening behavior was depicted by
using the combined type ﬁtting curve.4. Permanent softening behaviors during reverse loading were
found only for the DP590 base and the 5083-H18 SG weld. By
introducing a softening parameter n, such softening behaviors
were successfully captured.
5. Normalized yield stress and R-value for all base materials were
measured to determine coefﬁcients of anisotropic yield function
Yld2000-2d. Directional R-values showed relatively higher
anisotropy than the normalized yield stress.
6. Among the weld zone’s calculated FLDs, the standard FLD’s will
be used to numerically predict failure onset locations and pat-
terns in the joint paper on formability. They were the Voce type
FLD for 6111-T4, 5083-H18 and the Hollomon type FLD for
5083-O, DP590, which were selected by considering consis-
tency of relative formability near simple tension between the
base and the weld.Acknowledgements
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